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Abstract.  Bulky ligands for cleft-type metal complexes were synthesized from thio ketones and 
diamines in yields varying from 20–80%. A molecular structure determination of one ligand 
N,N'-bis(12H-benzo[a]-xanthen-12-ylidene)-1,2-propanediamine (19) was performed. A metallo-
cleft was constructed by a self-assembling process with zinc(II) chloride. A crystallographic study of 
this zinc complex (24) revealed surprisingly that an anti–syn inversion of the imine moieties of the 
ligand had taken place during complexation. 
Introduction 
Self-assembly, the “spontaneous” organization of (su-
pra)molecular units with specific structures or functions, 
is  a phenomenon common to biological systems1. Perti-
nent  examples are the DNA helix, cell membranes and 
enzymes2. The notion that an enormous number of highly 
active and stereoselective catalysts results from the appro-
priate organization of polypeptides is intriguing if we 
consider concepts of self-assembly in the design of effi-
cient catalysts for enantioselective conversions. In macro-
cyclic chemistry, the concept of self-assembly has mostly 
been used in the following way: first, self-assembly be-
tween two molecular parts and a template ion, followed by 
a connection between the two parts and removal of the 
template ion3. 
In various other areas, self-assembly and controlled self-
organisation at the molecular level4 has been investigated 
and fascinating supramolecular structures emerge5, i.e., 
vesicles, liquid crystals, host-guest complexes, metallo-exo 
receptors, single- and double-helical polynuclear com-
plexes6, self-reproducing systems7 and molecular shuttles8 
(molecular meccano). A major emphasis is on the design 
of self-assembling systems for applications in nano-
technology4. 
In the area of enantioselective catalysis, the Sharpless–
Katsuki epoxidation catalyst9 and the product-modified 
dipeptide catalyst for cyanohydrin formation10 are illus-
trative for the importance of pre-organization by self-as-
sembly in substrate recognition. 
Recently, we have been studying catalytic enantioselective 
1,4 addition reactions of Grignard reagents and dialkyl-
zincates mediated by in-situ prepared chiral zinc(II) and 
nickel(II) complexes, respectively11. The in-situ formation 
of chiral catalysts for these reactions was considered using 
bisimine ligands, which upon metal binding enforce the 
formation of chiral metallo-clefts by a self-assembling 
process. We  describe  here  the  synthesis  of  several  new 
achiral and chiral bisimine type of ligands. Furthermore, 
the preparation and structure determination of a zinc(II)-
containing chiral metallo-cleft is reported. 
Results and discussion 
Target molecules 
The chiral catalysts we wanted to develop, based on the 
concept of self-assembly, are depicted in Scheme 1 (struc-
ture 1). Condensation of tetrahydrophenanthrenone 2 (X 
= CH2 and analogs) with diamines 3 leads to a bisimine 
structure, which upon metal binding folds itself into a 
C2-symmetric chiral metallo-cleft. Although the stere-
ogenic centers are located on the “back site”, due to the 
aforementioned process, the asymmetric environment at 
the metal center of the chiral cleft will manifest itself 
mainly at the “front site”, i.e., the site of substrate or 
reagent approach. Only a few examples12 have been pub-
lished of molecules which have some similarity with our 
target molecule. In only one case13, the asymmetry is 
transferred from the “bridge” into the “wings” in an 
analogous way as shown here. The R substituents in the 
bridge in 1 are expected to enforce folding of the “wings” 
as indicated although molecular models show that even 
with R = H a C2-symmetric chiral metallo-cleft is formed. 
In Scheme 1, a retrosynthesis of typical examples of these 
types of molecules is also given. As bridges, various di-
amines can be used and, as “wings”, a variety of ketones 
(or thio ketones, vide infra) can be envisaged. 
Synthesis of thio ketones 
Initially, attempts to prepare chiral bisimines from unsub-
stituted 1-benzopyran-4-ones and bisamines, for instance, 
via condensation of naphthopyranone 4 and diphenyleth-
anediamine 5 employing p-toluenesulfonic acid, Lewis 
Acids14, etc were not succesfull (Scheme 2). 
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Scheme 1. 
Our failure to perform these reactions is probably due to 
severe steric hindrance. It is known from several studies 
that thio ketones15 are more reactive than the correspond-
ing ketones. The thio ketones of unsubstituted benzopyra-
nones, however, are unstable and are often immediately 
converted into the starting benzopyranones16. In order to 
increase the stability of the thio ketones, substituents are 
needed at the α and/or β positions of the 4-pyranone 
rings.  By modifying published procedures, efficient syn-
thesis for substituted benzopyranones was developed17. 
The synthesis of a benz-anulated 9-xanthenethione 10 is 
depicted in Scheme 3. 
By refluxing a mixture of 2-naphthol (6) and 2-chloroben-
zoic acid (7) in 1-pentanol in the presence of K2CO3 and a 
catalytic amount of Cu bronze for 20 h, 2-(2-naph-
thyloxy)benzoic acid (8) was obtained in 76% yield. Ring 
closure was performed by heating this acid at 150°C in 
polyphosphoric acid for 2 h yielding ketone 9. Pure thio 
ketone 10 was obtained by refluxing 9 with 1.5 equivalents 
of P2S5 in toluene for 6 h followed by crystallization from 
p-xylene as deep-green crystals in 52% yield. 
 
Following similar procedures 9H-thioxanthene-9-thione 
(11) and 3-phenyl-1H-naphtho[2,1-b]pyran-1-thione (12) 
were prepared using P2S5. The reactions were monitored 
by TLC and the products 11 and 12 were obtained by 
crystallization in 98% (from p-xylene) and 50% (from 
absolute ethanol), respectively. 
Bisimine formation 
Due to the low solubility of the thio ketones in toluene, 
imine formation was performed by refluxing the starting 
materials in ethanol under N2 atmosphere. If product was 
formed, H2S evolved and, after a few hours, a light-col-
ored precipitate was obtained, which in most cases could 
easily be isolated by filtration. The reaction of diamines 
14–17 with various thio ketones provided products 18–23. 
The results obtained in the coupling reactions of thio 
ketones 10–13 with diamines 14–17 are summarized in 
Table I. It should be noted, however, that no product was 
obtained when thio ketone 13 was employed. The same 
holds for 1,3-propanediamine (17). 
 
In general, and not unexpected, the yields of bisimines 
decrease with increasing steric hindrance in the bridging 
moiety, i.e., the highest yields (42–84%) were obtained by 
coupling 1,2-ethanediamine (14) with thio ketones. The 
yields of bisimines 19 and 20, 60% and 45% respectively, 
are considerably lower compared to compound 18. meso-
1,2-Diphenyl-1,2-ethanediamine did not show coupling 
products in reactions with thio ketones, except for thio 
ketone 11, which gave bisimine 21 in less than 1%, which 
is of no synthetic use. 
All products showed low solubilities in common organic 
solvents, except for 19 which easily dissolved in CHCl3, 
presumably due to the methyl substituent in the connecting 
ethylene bridge. The difficulties encountered by char-
acterizing some of the bisimine compounds were largely 
the consequence of these low solubilities. Especially, NMR 
measurements of 18, 20 and 22 caused significant prob-
lems as, for instance, little satisfactory 13C-NMR data 
could be obtained for these compounds. By introducing 
substituents in the bridge or the arene moieties lowering 
the symmetry of the bisimines, these solubility problems 
might be circumvented. 
Crystal and molecular structure of bisimine 19 
We expected on the basis of molecular models extended 
conformations and anti-imine geometry, as shown in 18–
23. From the spectroscopic data obtained so far, no 
definitive conclusions could be drawn regarding the con-
figurations of the bisimines, i.e., whether a syn- or anti-
bisimine was formed. Usually, for arylimines, the anti-im-
ine geometry is found in solution18. Considering the bulky 
ring skeletons, one would expect a trans19 orientation of 
the two naphthyl moieties and anti configuration of the 
imine  double  bonds, as  shown  in  structures  18  and  19. 
 
Scheme 2. 
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Scheme 3. 
Table I    Coupling of diamines with thio ketones. 
 
Entry  Thio  Diamine  Reaction  Product  Yield (%) a  
 ketone  time (h)   
1 10 14 12 18 84 
2  10  15  80  19  60 
3  10  16  80  20  45 
4  10  17  24  –  – b  
5  11  5  80  21  <1 
6  11  14  20  22  76 
7 12 14 36 23 42 
a
 Isolated yield. b According to 1H NMR data product was formed but isolation was unsuccesfull. 
Our expectations with respect to the stereochemistry of 
the bisimines were confirmed by a single-crystal X-ray 
analysis of racemic 19. 
Suitable crystals of racemic 19 were grown from chloro-
form by slowly adding absolute ethanol. Compound 19 
crystallized in the monoclinic space group C2/c, with unit 
cell dimensions a = 23.927(2) Å, b = 6.057(1) Å, c = 
24.787(2) Å, β = 108.50(1)°, Z = 4, C37H26N2O2  with  two 
R and two S molecules in the unit cell and the structure 
was refined to RF = 0.057. The methyl substituent showed 
an occupancy of 0.5, due to the fact that the molecules 
have an inversion center with respect to the C1-C1' bond. 
The crystal structure shows a typical C=N-bond length of 
1.288(6) Å and normal angles for the sp3- and sp2-hy-
bridized atoms. The torsion dihedral angles of C1–N–
C2--C3 and C1–N–C2–C18 are 177.8(1) and 2.2(5)° (close 
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Fig. 1. 
to 180 and 0°), respectively, indicating an anti configura-
tion of the imine double bond. The oxygen-containing 
6-membered pyran rings remain nearly planar showing a 
slight distortion, illustrated by the torsion angle of C2–
C18–C13–O being 4.9(0)°. From the angles of N–C2–C3–
C4 and N–C2–C18–C17, we can conclude that the ring 
skeleton of the xanthene parts are folded by approxi-
mately 37°. 
The molecular structure of 19 is depicted in Figure 1, 
whereas selected bond lengths, bond angles and torsion 
dihedral angles are listed in Table II. From Figure 1, it is 
clear that the expected trans–anti geometry is found. 
Zinc(II) complexation 
In our initial attempts to study chiral-cleft formation by 
metal  complexation  to  bisimines  18  and  19, ZnII  com- 
plexes were formed. Chiral ZnII complexes can be used as 
catalysts in the 1,4 addition of Grignard reagents to α,β-
unsaturated ketones 20. ZnII tends to form tetrahedral 
coordination complexes, although penta-, hexa-, and even 
hepta-coordinated complexes are also known21. For com-
plexation with the bisimines 18 and 19, a stock solution of 
dry ZnCl2 in THF was employed22 (Scheme 4). Equimo-
lar  amounts of a bisimine and ZnCl2 were refluxed in 
THF for 12 hours and after evaporation to dryness zinc 
complexes 24 and 25 were obtained in high yields. It was 
expected that zinc complexation induces a conformational 
change from the (extended) trans to the (closed) cis 
conformation, followed by chelation of the zinc ion (for 
the imine geometry, see, however, the X-ray analysis, vide 
infra). 
The complexation of ZnCl2 with these ligands, especially 
in case of ligand 18, can be nicely followed via changes in 
the 1H-NMR spectra. H10 and 18 is shifted upfield from 
9.42 to 8.91 ppm and the hydrogens of the CH2 group in 
the ethylene bridge show a singlet before complexation, 
and an A-B pattern afterwards, which indicates that these 
protons have become diastereotopic. Furthermore, the IR 
C=N absorption has decreased by several cm–1 from 1625 
to 1586 cm–1. This is probably due to complexation of the 
electron-withdrawing metal which results in a slightly 
weakened imine bond. 
The A-B pattern of the ethylene bridge protons of 24 can 
be explained in two ways: (i) complexation gives either a 
puckered 5-membered ring (containing two C atoms, two 
N atoms and one Zn atom) or (ii) a planar 5-membered 
ring. In the former case, the protons of the ethylene 
bridge  will be positioned pseudo-equatorially or pseudo-
axially. In case of the planar 5-membered ring, the CH2 
protons will become diastereotopic due to the folded 
character of the “wings” of the ring skeletons, which 
means that the aromatic rings will be in the vicinity of one 
of the two CH2 protons. 
Crystal and molecular structure of zinc complex 24 
To obtain more insight into the structure of zinc complex 
24 and into the anticipated folding of the molecule, crys-
tals were grown from a mixture of chloroform and abso-
lute  ethanol  (2:1). Crystallization  was  performed  under 
Table II    Selected interatomic distances, angles and torsion dihedral angles for ligand 19.  
Distance (Å)  Angle (°)  Torsion angles (°)  
C12–O  1.380(4)  C12–O–C13  116.8(3)  N–C2–C3–C12  – 142.5(8)  
C13–O  1.376(5)  C1–1N–C2  122.8(3)  N–C2–C18–C3  142.9(2)  
C1–N  1.461(5)  N–C2–C3  119.1(3)  C2–N–C1–C19  103.4(5)  
C2–N  1.288(6)  N–C2–C18  128.7(3)  C1–N–C2–C3  177.8(1)  
C1–C19  1.474(9)  N–C1–C19  103.7(4)  C1–N–C2–C18  2.2(5)  
C2–C3  1.478(5)  C2–C3–C12  117.0(3)  C2–C18–C13–O  4.9(0)  
C2–C18  1.494(5)  C2–C18–C13  116.7(3)  C2–C3–C4–C5  6.8(5)  
C3–C12  1.380(6)  C3–C12–O  122.3(3)  N–C2–C3–C4  36.7(3)  
C18–C13  1.403(6)  C18–C13–O  114.4(4)  N–C2–C18–C17  – 36.8(7)  
 
Scheme 4. 







N2 atmosphere because the zinc complex was very sensi-
tive to hydrolysis. After several attempts, crystals suitable 
for X-ray analysis were obtained. The complex crystallized 
in the monoclinic space group C2/c, with unit cell dimen-
sions: a = 25.5978(7) Å, b = 11.1113(3) Å, c = 17.1518(6) 
Å, β = 114.430(3)°, Z = 4, C36H24Cl2N2O2Zn.3CHCl3; 
the structure was refined to RF = 0.06323. Important bond 
distances, bond angles and torsion dihedral angles are 
listed in Table III. The crystal structure of 24 is depicted in 
Figure 2. 
The C2-symmetrical complex contains a distorted tetrahe-
dral ZnII ion coordinated to both imine nitrogens and two 
chlorine atoms. The Zn–N distance is 2.064(3) Å, which is 
short compared to bond lengths usually observed in Schiff 
base complexes with zinc(II)24. For instance Wenthworth 
and co-workers25 reported a Zn–N distance of 2.142–2.167 
Å in the ZnII complex of cis,cis-1,3,5-tris(pyridine-2-
carboxaldimino)cyclohexane. Furthermore, a puckered 5-
membered ring is observed in which the CH2 groups are 
twisted out of the N–Zn–N plane by 43.1(3)° in accor-
dance with proposal (i) (vide supra). 
The two pyran rings have a semi-boat conformation, re-
sulting in a folded structure of the benzoxanthene “wings”. 
The torsion angles of N–C2–C3–C4 and N–C2–C18–C17 
being –44.5(5) and 36.2(5)°, respectively, resemble the 
angles of the free ligand. Folding of 7.7° of the naphthyl 
groups of complex 24 is observed. This is probably the 
result of additional steric hindrance caused by the ethy-
lene-bridge protons. 
The most striking feature of the X-ray structure is the 
unexpected inversion of both imine moieties. A syn con-
figuration is found for both imines in the ZnII complex, 
whereas the anti configuration was present in the free 
ligand.  Somehow,  rotation  around   the   imine   bond   or 
Scheme 5. 
inversion at nitrogen took place before or during complex-
ation. Since the X-ray structure of the free ligand 19 
clearly showed the anti-imine configuration, inversion be-
fore complexation is not very likely. Nevertheless, a differ-
ence in isomerization behaviour of 24 and 25, caused by 
the methyl substituent on the ethylene bridge, cannot be 
completely excluded. 
Imine isomerization 
Three mechanisms have been postulated for the ground 
state anti–syn isomerization of imines: (i) rotation through 
180° around the imine bond; (ii) planar inversion through 
120° at the nitrogen atom and; (iii) a combination of these 
two mechanisms26 (Scheme 5). The mechanism by which 
the syn and anti isomers are interconverted in the excited 
state is even more complicated. Several reports27 on the 
ground-state interconversion of imines strongly suggest 
that the process usually occurs by the inversion mecha-
nism whereby the activation energy is dependent on vari-
ous factors. Rotation around the C=N bond can easily 
take  place if imine–enamine tautomerism is observed, 
which is impossible in the case of 18. 
By using the MNDO semi-empirical approach and from 
ab-initio calculations on Schiff bases, it appeared that the 
barrier for anti–syn isomerization decreased in the order 
F > OH > NH2 > H > CH328. This means that a more 
electron-accepting substituent increases the interconver-
sion barrier. Experimental data, furthermore, suggest low-
ering of the barrier by increasing the bulk of the nitrogen
substituent29. Acceleration of the isomerization reaction 
by increasing the solvent polarity, temperature and pres-
sure was observed30. Depending on the Schiff-base struc-
ture and reaction conditions, ∆Ginv. ranges from approxi-
mately 10–30 kcal/mol. The thermal barrier for most 
geometrical isomers of imines is sufficiently low to allow 
rapid configurational equilibrium. 
Only one published example could be found in which a 
Lewis acid complexed to a Schiff base blocked the anti–syn 
isomerization. When trimethylaluminum was added to 
N-(α-methylbenzilidene)aniline,  the inversion mechanism 
Table III    Selected interatomic distances, angles and torsion dihedral angles for complex 24. 
Distances (Å)  Angles (°)   Torsion angles (°)   
Zn–Cl1  2.214(12)  N–Zn–Cl1  119.8(1)  C1A–C1–N–Zn  43.1(3)  
Zn–N  2.064(3)  Cl1–Zn–Cl1A  113.22(5)  C1A–C1–N–C2  – 135.1(3)  
C12–O  1.366(6)  N–Zn–NA  85.80(13)  Cl1–Zn–N–C1  – 123.8(2)  
C13–O  1.373(6)  Zn–N–C1  104.9(2)  Cl1–Zn–N–C2  54.0(4)  
C1–N  1.472(5)  C1–N–C2  121.1(3)  C1–N–C2–C3  – 8.1(5)  
C2–N  1.297(5)  N–C1–C1A  108.1(3)  C1–N–C2–C18  164.4(3)  
C1–C1A  1.520(7)  N–C2–C3  125.3(3)  N–C1–C1A–N A  – 60.1(4)  
C3–C4  1.427(5)  N–C2–C18  120.6(3)  N–C2–C3–C4  – 44.5(5)  
C2–C18  1.459(6)  C3–C2–C18  113.7(3)  N–C2–C18–C17  36.2(5)  
C3–C12  1.381(6)  C12–O–C13  116.7(4)  C2–C3–C12–O  9.0(6)  
    C2–C3–C4–C5  – 14.5(6)  
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was no longer accessible due to binding of the lone-pair 
electrons of the nitrogen. Complexation was monitored by 
means of 1H NMR and in the case of free Schiff base only 
one methyl resonance of the more stable trans isomer at 
1.96 ppm was observed. Upon stepwise addition of 
Al(Me)3, the methyl signals of the cis (from syn) and 
trans (from anti) isomers of the imine–Al(Me)3 complex 
appeared with comparable intensities but with different 
chemical shift (Scheme 6). If a large excess of Al(Me)3 
was added rapidly, appearance of the methyl signal of the 
favored cis complex required several days, indicating that 
a rapid anti–syn isomerization occurs only if free imine 
was present31. 
Taking into account the findings mentioned above, a 
rationalization can be given for the stereochemical out-
come with respect to the structure of Zinc complex 24. 
The bulky N-alkyl-substituted bisimine 18 was refluxed 
with ZnCl2 in THF which has considerable polarity. If an 
equilibrium exists between the anti and syn isomers of 18, 
it might be possible that ZnCl2 as a complexing agent 
forces the equilibria to the configurationally most stable 
zinc complex 24, which is the cis isomer. 
Scheme 7 presents nine possible structures, the occur-
rence of which can be rationalized by several equilibria. 
Complexation-decomplexation equilibria (ka-kd) are sup-
posed to be fast compared with the inversion equilibria of 
the free ligand (k1-k4). Actually, starting with structure 
TT1  (trans,trans),   several   equilibria   and   intermediate 
Scheme 7. 
complexes finally lead to the thermodynamically most 
stable configuration CC3 (cis,cis). Presumably, k1 « k–1 
and k2 « k–2; hence, it is very likely that the inversion 
mechanism proceeds via the monodentate complex TT2 
or  CT2. The latter is probably favored because there is 
more space to accomodate ZnCl2 complexed to one of 
the  nitrogens. The existence of an equilibrium between 
TT2 and CT2 is less plausible since inversion at the 
ZnCl2-complexed imine is probably prohibited (vide 
supra). Alternatively, this step would involve inversion of 
a free imine and exchange of ZnCl2 to the inversed imine. 
Intermediacy of CT1 is preferable to TT2, despite the fact 
that the TT1-CT1 equilibrium lays on the left. CC2 is 
formed either from CT2 by a single inversion of the free 
imine. The equilibrium is presumably shifted far to CT2, 
like the TT1-CT1 interconversion. Alternatively CC2 is 
formed via ZnCl2 complexation to CC1. The final step 
involves rotation around the ethylene bridge in CC2 fol-
lowed by complexation of the Zn ion to the second imine 
moiety resulting in the bidentate complex CC3 (24). Zinc 
complexes TT3 and CT3 were not observed, presumably 
due to steric overcrowding caused by the large chlorine 
ions and the naphthyl moieties. 
Concluding remarks 
In this paper, we have described the synthesis of imine 
ligands for the formation of self-assembling molecular 
clefts, as well as the elucidation of the structure of a 
self-assembling chiral metallo-cleft by means of X-ray 
crystallography. One of the most striking features found in 
this study was the anti–syn isomerization of both imine 
groups in the ligands during complexation with zinc(II) 
chloride. This phenomenon has been rarely studied so far. 
Investigations to develop chiral non-racemic metallo-clefts 
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according to the principles described here and application 
of these metal complexes as catalysts for several addition 




1H- and 13C-NMR data were recorded on a Varian VXR-300S in 
CDCl3 using TMS as an internal standard. Infrared spectra were 
recorded on a Perkin-Elmer 841. High-resolution-mass spectra 
(HRMS) were obtained on a AEI MS-902. 
Melting points were uncorrected and recorded on a Mettler FP-2 
melting-point apparatus. 
THF was distilled under N2 over sodium. Ketones for the formation 
of 11 and 12 were kindly provided by B. de Lange16. Compounds 8 
and 9 were prepared by slightly modified procedures as reported32 
and included here together with the NMR data of the starting 
materials for the formation of 11 and 12, for the sake of complete-
ness. All diamines employed were commercially available. All reac-
tions involving thio ketones, imines or zinc complexes were carried 
out under a N2 atmosphere. Flame-dried glassware was used in case 
of zinc complexations. All reagents and solvents were purified ac-
cording to standard procedures where necessary. 
2-(2-Naphthyloxy)benzoic acid (8) 
A solution of 2-naphthol (72 g, 0.5 mol) and 2-chlorobenzoic acid (78 
g, 0.5 mol) in 1-pentanol (950 ml) was heated at 70°C. Two portions 
of K2CO3 (65 g each, excess) and a catalytic amount of Cu bronze 
(0.36 g), were added to this mixture, under vigorous stirring. The 
mixture was refluxed for 20 h, during which it turned brown, and it 
was then cooled to room temperature. Steam distillation was per-
formed until all the 1-pentanol was removed, resulting in a water 
layer containing a brown residue which was cooled to room tempera-
ture. The water layer was decanted and the oil was extracted with 
ether (2 × 100 ml) and the combined ether layers were dried over 
MgSO4. Filtration and removal of the solvent by rotary evaporation 
gave 8 (130.1 g, 76%) as a brown oil, sufficiently pure according to 
1H NMR for further use. 1H NMR (60 MHz) δ: 9.1, s, 1H; 7.2, m, 
10H. 
Benzo[a]xanthen-12-one (9) 
Polyphosphoric acid (600 ml) was heated to 100°C under vigorous 
stirring with a mechanical stirred and exclusion of moisture and 
subsequently 8 (35.6 g, 0.13 mol) was added in portions of ~ 5 g in 
about 1 h. The brown reaction mixture was then heated for 2 h at 
150°C followed by lowering the temperature to 140°C during 30 min. 
and then cooling it to 70°C. The black substance was poured onto 
crushed ice (3 kg) after which the green precipitate formed was 
filtered over a glass funnel (P4) and purified by crystallization from 
ethanol giving 9 (15.9 g, 49%) as a yellow solid material; m.p. 
139-140.9°C (lit.32 140°C). 1H NMR (300 MHz) δ: 10.04, dd, 1H, J 
8.8 Hz, J 1.1 Hz; 8.37, dd, 1H, J 8.1 Hz, J 1.5 Hz; 8.02, d, 1H, J 8.8 
Hz; 7.81, d, 1H, J 8.1 Hz; 7.72, ddd, 1H, J 8.8 Hz, J 7.5 Hz, J 1.5 
Hz); 7.66, ddd, 1H, J 8.8 Hz, J 7.5 Hz, J 1.5 Hz; 7.53, m, 1H; 7.46, d, 
1H, J 8.8 Hz; 7.44, d, 1H, J 8.1 Hz; 7.37, m, 1H. 13C NMR (75 MHz) 
δ: 178.12, s, 157.24, s; 154.31, s; 136.33, d; 133.59, d; 130.84, s; 129.80, 
s; 129.22, d; 128.06, d; 126.66, d; 126.35, d; 125.80, d; 124.00, d; 
123.27, s; 117.75, d; 117.23, d; 114.24, s. 
NMR data of two precursors for the formation of  11  and  12 
9H-Thioxanthen-9-one. M.p. 210–213°C. 1H NMR (300 MHz) δ: 8.61, 
(dd, 2H, J 8.8 Hz, J 1.1 Hz; 7.52, m, 6H. 13C NMR (75 MHz) δ: 
179.80, s; 137.13, s; 132.12, d; 129.71, d; 129.07, s; 126.17, d; 125.71, 
d. 
3-Phenyl-1H-naphtho[2,1-b]pyran-1-one. 1H NMR (300 MHz) δ: 
10.08, d, 1H, J 8.8 Hz; 8.10, d, 1H, J 8.8 Hz; 7.93, m, 3H; 7.76, m, 
1H; 7.58, m, 5H; 6.97, s, 1H. 13C NMR (75 MHz) δ: 179.92, s; 160.42, 
s; 157.00, s; 135.14, d; 131.12, d; 131.02, s; 130.29, s; 130.17, s; 128.89, 
d; 128.77, d; 126.87, d; 126.32, d; 125.77, d; 117.29, d; 116.89, s; 
110.09, d. 
Synthesis of thio ketones; general procedures 
12H-Benzo[a]xanthene-12-thione (10). A stirred solution of 9 (30.0 g, 
0.12 mol) and 1.5 eq. P2S5 in toluene (500 ml) was heated, giving 
immediately a dark-green colored reaction mixture. After reflux for 6 
h., TLC analysis (SiO2, hexane/ether 80:20) showed no starting 
material left. The mixture was cooled to room temperature and 
filtered  over a small SiO2 column. After washing the residue and 
column with CH2Cl2, the solvents were evaporated in vacuo result-
ing  in a dark-green product. Recrystallization from p-xylene gave 
pure 10 (16.6 g, 52%) as green crystalline material. m.p. 144–146°C 
(lit.33 147°C). 1H NMR (300 MHz) δ: 10.48, dd, 1H, J 8.8 Hz, J 1.1 
Hz; 8.65, dd, 1H, J 8.1 Hz, J 1.5 Hz; 8.05, d, 1H, J 8.8 Hz; 7.86, d, 
1H, J 8.1 Hz; 7.74, ddd, 1H, J 8.8 Hz. J 7.3 Hz, J 1.5 Hz; 7.63, ddd, 
1H, J 8.8 Hz, J 7.3 Hz, J 1.5 Hz; 7.56, m, 1H; 7.48, d, 1H, J 8.8 Hz; 
7.46, d, 1H, J 8.1 Hz; 7.38, m, 1H. 13C NMR (75 MHz) δ: 204.61, s; 
151.11, s; 147.87,s;, 136.49, d; 133.10, d; 132.25, s; 131.03, s; 130.78, s; 
129.87, d; 128.86, d; 128.37, d; 126.37, d; 126.36, d; 124.89, d; 123.88, 
s, 117.60, d; 117.02, d. HRMS calcd. for C17H10OS: 262.045; found: 
262.044. 
9H-Thioxanthene-9-thione (11). Following the general procedure and 
after recrystallization from p-xylene, pure 11 (15.8 g, 98%) was 
obtained as dark-green needless; m.p. 172–174°C (lit.34 170°C). 1H 
NMR (300 MHz) δ: 9.00, m, 2H; 7.57, m, 4H; 7.42, m, 2H. 13C NMR 
(75 MHz) δ: 211.08, s; 137.40, s; 133.18, d; 131.77, s; 131.51, d; 
126.84, d; 125.80, d. 
3-Phenyl-1H-naphtho[2,1-b]pyran-1-thione (12). Following the gen-
eral procedure and after recrystallization from absolute ethanol, 
pure 12 (1.98 g, 50%) was obtained as green needless. 1H NMR (300 
MHz) δ: 11.09, d, 1H, J 9 Hz; 8.12, d, 1H, J 9 Hz; 7.78, m, 10H. 13C 
NMR (75 MHz) δ: 202.08, s; 152.76, s; 149.03, s; 136.00, d; 131.15, d; 
130.84, s; 130.54, s; 130.05, s; 128.95, d; 128.83, d; 128.31, d; 126.75, 
d; 126.23, d; 125.87, d; 124.46, d; 124.03, s; 117.35, d. 
Synthesis of bisimines; general procedure 
N,N'-Bis(12H-benzo[a]xanthen-12-ylidene)-1,2-ethanediamine (18). A 
solution of thio ketone 10 (4.5 g, 17.2 mmol) and diamine 14 (516 mg, 
8.6 mmol) in absolute ethanol (250 ml) was refluxed for 3 days. After 
cooling the reaction mixture to room temperature, crude 18 precipi-
tated as a green-white powder (3.7 g, 84%). The compound was 
purified by recrystallization from THF following slow addition of 
ethanol, yielding pure 18 (3.2 g, 70%) as a white crystalline material; 
m.p. 266–267°C. 1H NMR (300 MHz) δ: 9.42, m, 2H; 8.01, m, 2H; 
7.80, m, 4H; 7.37, m, 10H; 7.11, m, 2H; 4.52, s, 4H. IR (KBr) cm–1: 
1625, C=N. Anal calcd. for C36H24N2O2: C 83.69, H 4.69, N 5.43; 
found: C 83.20, H 5.05, N 5.06%. HRMS calcd for C36H24N2O2: 
516.184; found: 516.183. 
N,N'-Bis(12H-benzo[a]xanthen-12-ylidene)-1,2-propanediamine (19). 
Prepared according to the general procedure. After recrystallization 
from CHCl3, colorless needless of 19 (426 mg, 40%) were obtained; 
m.p. 99–100°C. 1H NMR (300 MHz) δ: 9.29, d, 2H, J 5.2 Hz; 8.04, 
m, 2H; 7.66, m, 4H; 7.28, m, 10H; 7.03, m, 2H; 4.89, m, 1H; 4.45, dd, 
1H, J 8.8 Hz, J 5.2 Hz; 4.22, dd, 1H, J 9 Hz, J 3.2 Hz; 1.56, d, 3H, J 
6 Hz. 13C NMR (75 MHz) δ: 154.36, s; 154.20, s; 152.52, s; 152.36, s; 
152.25, s; 151.36, s; 151.17, s; 131.17, d; 130.87, d; 130.41, d; 130.12, 
d; 128.76, d; 128.34, d; 127.87, d; 127.74, d; 127.07, d; 127.05, d; 
126.32, d; 126.05, d; 124.74, d; 122.33, d; 122.13, d; 117.20, d; 116.90, 
d; 81.63, t; 57.80, d; 21.33, q. IR (KBr) cm–1: 1604, C=N. Anal calcd. 
for C37H26N2O2.2CHCl3: C 60.80, H 3.67, N 3.64; found: C 60.73, H 
3.73, N 3.43%. HRMS calcd for C37H26N2O2 (fragment C19H14NO): 
272.108; found: 272.108. 
trans-N,N'-Bis(12H-benzo[a]xanthen-12-ylidene)-1,2-cyclohexane-
diamine (20). Following the general procedure 20 (483 mg, 45%) was 
obtained as a greenish-white powder; m.p. > 300°C. 1H NMR (THF-
d8, 300 MHz) δ: 8.91, d, 2H, J 8.4 Hz; 8.19, m, 2H; 7.58, m, 6H; 7.26, 
m, 6H; 7.08, m, 2H; 6.93, m, 2H; 4.57, m, 2H; 1.87, m, 4H; 1.52, m, 
2H. IR (KBr) cm–1: 1628, C=N. Anal calcd. for C40H30N2O2: C 
84.19,  H 5.30, N 4.91; found: C 82.88, H: 5.31, N 4.93%. HRMS 
calcd. for C40H30N2O2: 570.231 found: 570.231. 
1,2-Diphenyl-N,N'-bis(8H-thioxanthen-9-ylidene)-1,2-ethanediamine 
(21). The crude solid residue was purified by chromatography 
(SiO2 /ether), yielding 21 (7 mg, < 1%) as white material. 1H NMR 
(300 MHz) δ: 8.00, d, 2H, J 7.8 Hz; 7.63-6.76, m, 24H; 4.89, d, 2H, J 
5.2 Hz. 13C NMR (75 MHz) δ: 163.39, s; 163.34, s; 141.91, s; 141.87, 
s; 135.84, s; 132.14,  d;  132.10,  s;  130.08,  d;  130.00,  d;  128.65,  d; 
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127.97, d; 127.80, d; 126.42, d; 126.36, d; 126.26, d; 126.16, d; 125.85, 
d; 48.05, d. IR (KBr) cm–1: 1595, C=N. HRMS calcd. for C38H28N2S2 
(fragment C26H16S2): 392.069; found: 392.069. 
N,N'-bis(9H-thioxanthen-9-ylidene)-1,2-ethanediamine (22). Recrys-
tallization of the crude product from THF following slow addition of 
absolute ethanol gave pure 22 (120 mg, 32%) as colorless needles; 
m.p. > 300°C. 1H NMR (300 MHz) δ: 7.92, m, 2H; 7.79, m, 2H; 7.54, 
m, 2H; 7.33, m, 12H; 4.28, s, 4H. IR (KBr) cm–1: 1606, C=N. Anal 
calcd. for C28H20N2S2: C 74.97, H 4.49, N 6.24, S 14.29; found: C 
74.27, H 4.66, N 5.70, S 14.32%. HRMS calcd. for C28H20N2S2 
(fragment C14H10NS): 224.053; found: 224.052. 
N,N'-Bis(3-phenyl-1H-naphtho[2,1-b]pyran-1-ylidene)-1,2-ethane-
diamine (23). Recrystallization of the crude product from CHCl3 
gave  23 (140 mg, 29%) as a pink-white crystalline material; m.p. 
227–228°C. 1H NMR (300 MHz) δ: 10.61, d, 2H, J 5.3 Hz; 7.94, m, 
10H; 7.53, m, 12H; 4.33, s, 4H. 13C NMR (75 MHz) δ: 154.97, s; 
154.65, s; 153.92, s; 132.65, s; 131.26, s; 130.94, s; 132.22, d; 130.06, d; 
128.59, d; 128.19, d; 127.92, d; 125.60, d; 117.58, d; 115.69, s; 98.67, d; 
52.63, t. IR (KBr) cm–1: 1642, C=N. Anal calcd. C40H28N2O2: C 
84.48, H 4.96, N 4.94; found: C 84.06, H 4.87, N 4.70%. HRMS calcd. 
for C40H28N2O2 (fragment C20H14NO): 284.108; found: 284.108. 
18 · zinc(II)-dichloride (24). A solution of bisimine 18 (0.74 g, 1.43 
mmol) and ZnCl2 (1 ml, 1.9 M in THF, 1.90 mmol) in THF (100 ml) 
was refiuxed for 12 h. After removal of the solvent in vacuo, the 
white  residue was dissolved in a mixture of chloroform and ethanol 
(1:1) and recrystallized in a Schlenk tube under N2, after which 24 
(0.56 g, 60%) was obtained as colorless hygroscopic crystals which 
were suitable for a single-crystal X-ray analysis; m.p. (dec.) 150°C. 1H 
NMR (300 MHz) δ: 8.91, m, 2H; 7.98, m, 2H; 7.78, m, 2H; 7.52, m, 
14H; 3.55, d, 2H, J 9.8 Hz; 2.98, d, 2H, J 9.8 Hz. 13C NMR (75 
MHz) δ: 161.84, s; 155.40, s; 152.53, s; 134.13, d; 132.27, d; 129.49, s; 
128.45, d; 128.39, s; 127.81, d; 126.68, d; 125.52, d; 125.43, d; 125.37, 
d; 123.14, s; 117.28, d; 116.06, d; 111.42, s; 55.75, t. IR (KBr) cm–1: 
1586, C=N. Anal Calcd. for C36H24N2O2.ZnCl2: Zn 10.01; found: 
Zn 9.90%. 
19 · zinc(II)-chloride (25). Yield was quantitative after removal of 
THF under reduced pressure. Recrystallization from CHCl3 failed. 
1H  NMR (60 MHz) δ: 8.7, m, 2H; 7.7, m, 18H; 4.3, m, 1H; 3.7, m, 
2H; 1.2, d, 3H, J 7 Hz. 
Supplementary material 
Experimental details of X-ray analysis and tables of bond 
angles, bond lengths, torsion angles and positional param-
eters. 
References and notes 
 
1a
 P. A. Bachmann, P. L. Luisi and J. Lang, Nature 357, 57 (1992); 
 
b




 See, for example: a N. Raffaelli, R. M. Sciafe and D. L. Purich, 
Biochem. Biophys. Res. Commun. 184, 414 (1992); 
 
b
 J. P. Baker, K. L. Britton, P. C. Engel, G. W. Farrants, K. S. Lilley, 
D. W. Rice and T. J. Stillman, Proteins: Struct., Funct., Genet. 
12, 75 (1992). 
 
3
 See, for example: a P. L. Anelli, P. R. Ashton, R. Ballardi, V. 
Balzani, M. Delgado, M. T. Gandolfi, T. T. Goodnow, A. E. Angle 
and D. Philp, J. Am. Chem. Soc. 114, 193 (1992); 
 
b
 J. F. Stoddart, “Chirality Drug Des. Synth.”, C. Brown, ed., 
Academic Press, London, 1990, p. 53 and references cited; 
 
c
 J. M. Lehn, Chem. Scr. 28, 237 (1988). 
 
4




 J.-M. Lehn, P. Vierling and R. C. Hayward, J. Chem. Soc., Chem. 
Commun. 296 (1979). 
 
6a
 J.-M. Lehn, A. Rigault, J. Siegel, J. Harrowfield, B. Chevrier and 
D. Moras, Proc. Natl. Acad. Sci. USA 84, 2565 (1987); 
 
b




 J. Rebek jr., J. Heterocyclic Chem. 27, 111 (1990). 
 
8
 D. Philp and J.F. Stoddard, Synlett 445 (1991). 
 
9
 T. Katsuki and K. B. Sharpless, J. Am. Chem. Soc. 102, 5976 
(1980). 
10
 H. Danda, H. Nihikaiva and K. Otaka, J. Org. Chem. 56, 6740 
(1991). 
11a








 J. F. G. A. Jansen and B. L. Feringa, J. Chem. Soc., Chem. 
Commun. 741 (1989); 
 
d
 J. F. G. A. Jansen and B. L. Feringa, Tetrahedron Lett. 29, 3593 
(1988). 
12a




 H. Brunner, B. Reiter and G. Riepl, Chem. Ber. 117, 1330 (1984). 
13
 T. Hayashi, M. Tanaka and I. Ogata, J. Mol. Cat. 26, 17 (1984). 
14
 J. Yaozhoung, Z. Changyou, G. Lan and L. Guilan, Synth. 
Commun. 19, 1297 (1989). 
15
 For examples, see: a W. Baker, G. G. Clarke and J. B. Harborne, 
J. Chem. Soc. 988 (1953); 
 
b
 J. M. McIntosh and P. Mishra, Can. J. Chem. 64, 726 (1986). 
16
 B. de Lange, Forthcoming thesis, University of Groningen 1993. 
17
 See, for some other preparation methods: a W. Baker, J. B. 
Harborne and I. Ollis, J. Chem. Soc. 1303 (1952); 
 
b




 B. S. Pederson, S. Scheibye, N. H. Nilson and S.-O. Lawesson, 
Bull. Soc. Chim. Belg. 87, 223 (1978). 
18a




 J. F. G. A. Jansen and B. L. Feringa, Synthesis 184 (1988). 
19
 trans means here an extended form of the two naphthoyl moi-
eties.  
20
 J. F. G. A. Jansen, “Stereoselective 1,4-additions”, thesis Univer-
sity of Groningen, 1991. 
21
 R. H. Prince, “Comprehensive Coordination Chemistry”, G. 
Wilkinson, R. D. Gillard and J. A. McCleverty, eds., Pergamon 




 F. van der Steen, “Application of Zinc and Aluminum Ester 
Enolates in Stereoselective Synthesis of β-Lactam Antibiotics”, 
thesis University of Utrecht, 1991; 
 
b
 M. Isobe, S. Kondo, N. Nagasawa and T. Goto, Chem. Lett. 679 
(1977). 
23
 Full details of the structure determination will be published 
elsewhere. 
24
 “Comprehensive Coordination Chemistry”, G. Wilkinson, R. D. 
Gilman and J. A. McCleverty, eds., Pergamon Press, Oxford, 
1987. 
25
 R. A. D. Wenthworth, P. S. Dahl, C. J. Huffman, W. O. Gillun, W. 
E. Streib and J. C. Huffman, Inorg. Chem. 21, 3060 (1982). 
26
 For a review, see: H. O. Kalinowski and H. Kessler, Top. 
Stereochem. 7, 295 (1973). 
27
 A. Padwa, Chem. Rev. 77, 37 (1977). 
28
 P. Ertl, Collect Czech. Chem. Commun. 53, 2986 (1988). 
29
 W. B. Jennings and S. Al-Showiman, J. Chem. Soc., Perkin Trans. 
II 1501 (1976). 
30
 T. Asano and T. Okada, Chem. Lett. 691 (1987). 
31
 E. A. Jeffery, A. Meisters and T. Mole, Tetrahedron 25, 741 
(1969). 
32
 F. Ullmann and M. Zlokasoff, Chem. Ber. 38, 2111 (1905). 
33
 A. Mustafa and M.K. Hilmy, J. Chem. Soc. 1343 (1952). 
34
 A. Schonberg and M. M. Sidky, J. Am. Chem. Soc. 81, 2259 
(1959). 
